Dislocation densities in 10Cr-5W low-carbon steel that containing carbon content is 0.02C, 0.03C, 0.09C and 0.13C mass% were determinedd from X-ray line analysis based on the modified Williamson-Hall and Warren-Averbach methods. In the as-quenched state the dislocation density in the martensite phase increased with increasing carbon content for these low-carbon steels.
Introduction
High chromium heat-resistant steel has been widely used in power plants because of its excellent creep properties and low thermal expansion coefficients. [1] [2] [3] [4] Even though the carbon content of such heat-resistant steel is relatively low (less than 0.1 mass%), the advanced steels containing refractory elements, such as Mo and W, have high strength at elevated temperatures. The high dislocation density introduced into the matrix through martensitic transformation significantly contributes to the high creep strength of such steel. Such steel is composed of lath martensite, which contains high dislocation but no twins. Therefore, researching the dislocation density in the as-quenched state of highchromium steel is of great importance.
The dislocation density in lath martensite is on the order of 10 14 -10 15 m À2 . [5] [6] [7] [8] [9] [10] The dislocation density can be measured by transmission electron microscopy (TEM) techniques, X-ray diffraction (XRD) and neutron techniques. These experimental methods complement each other. However, for martensitic steel, the dislocation density varies from place to place within the grain on a microscopic scale; therefore, in such an inhomogeneous system 11) the XRD method is advantageous because it determines a macroscopic average value compared to TEM method giving a microscopic local value. 11, 12) In this study, we adopted the XRD technique to measure the dislcoation density of martensitic steel with low-carbon content (0.02 mass%-0.13 mass%) and studied the influence of carbon content on the dislocation density.
XRD Profile Analysis
In this study, modified Williamson-Hall and WarrenAverbach plots were employed to determine the dislocation density from the X-ray profiles. 13, 14) The value of the full width at half maximum (FWHM) obtained from peak fitting is substituted into the following modified Williamson-Hall equation:
where K ¼ 2 sin = and ÁK ¼ 2 cos 0 ðÁÞ=. Here , Á and are the diffraction angle, full width at halfmaximum (FWHM) and wavelength of the X-rays, respectively. In the case of Cu radiation, ¼ 0:15405 nm. D, and b are the average grain size, dislocation density and magnitude of the Burgers vector, respectively. M is a constant that depends on both the effective outer cut-off radius of the dislocations and the dislocation density. O denotes the higher-order terms in KC 1=2 . Equation (1) 
where ¼ ð0:
The value of is determined to maintain a linear relationship between the left-hand term and H 2 . H is a constant for a given (hkl) reflection that can be expressed as
Here, q is a constant to be determined experimentally. C h00 is the average dislocation contrast factor corresponding to the (h00) diffraction and is determined by the crystal elasticity; C h00 ¼ 0:285 was employed as the value in pure iron.
16) The modified Warren-Averbach equation is written as the equation below 17) ln
Here, AðLÞ is the real part of the Fourier coefficients of the (hkl) diffraction peak depending on the L. The superscript S in the term ln AðLÞ means that this term is related to the crystal size. The Fourier length L is defined as shown below 18 )
where a 3 ¼ =f2ðsin 2 À sin 1 Þg and n are integers starting from 0 and ( 2 À 1 ) is the angular range of the measured diffraction profiles. R e is the effective outer cut-off radius of dislocation. C is the average contrast factor of dislocation, which is written as, 19 ) * 1 Graduate Student, Nagoya University * 2 Corresponding author, E-mail: murata@numse.nagoya-u.ac.jp
By inserting AðLÞ and C into eq. (3), ln AðLÞ can be considered as a function of K 2 C. Hence the dislocation density can be determined from the plot of ln AðLÞ vs. K 2 C. The coefficient of the second term in eq. (3) is taken as a function of Y, which is arranged as
ðln R e À ln LÞ:
The value of is determined from the gradient of the linear relationship between Y=L 2 and ln L.
Experimental Procedures
10Cr-5W steel containing 0.02, 0.03, 0.09, and 0.13 mass% C (hereafter 10Cr-5W steels) were prepared by austenization at 1323 K for 1 h, followed by quenching into water to obtain a full martensite microstructure. The chemical compositions of these alloys are listed in Table 1 . Each steel sample was cut into a proper size and polished mechanically with emery papers down to #2000, followed by buff polishing with Al 2 O 3 powders down to 0.3 mm. Furthermore, electropolishing was performed to remove the extra dislocations introduced by mechanical polishing. The electropolishing was carried out using a 10% HClO 4 acetic acid solution at 273 K with a voltage of 30 V.
For the XRD analysis, the diffraction profiles of the (110), (200), (211), (220), (310), and (222) reflections were measured using a conventional diffractometer (Rigaku UltimaIV X-ray diffractometer) with Cu K 1 and K 2 radiation operating at 40 kV and 40 mA at a scan speed of 0.25 min À1 .
Results and Discussion
The dislocation densities of a series of 10Cr-5W steel samples were measured by XRD method and the XRD analysis were performed. Figure 1 shows the peak deconvolution of the (211) reflection in 10Cr-5W-0.02C steel as a representative result. The clear circles represent the measured data, which agrees well with the regression lines. In such plots, only the peak obtained from Cu K 1 radiation was required. Hence, each peak was separated into K 1 radiation and K 2 radiation using the Lorentz function and the FWHM value of each peak was estimated from the fitting procedure. As an example, the data obtained from the XRD profiles of 10Cr-5W-0.02C steel are listed in Table 2 . By inserting these data into eq. (2), ¼ 10 À5 nm À1 and q ¼ 2:04 were derived from the linear relationship between ðÁK 2 À Þ=K 2 and H 2 , as shown in Fig. 2 . Then, the value of q was substituted into eq. (5) and the modified Warren-Averbach plot was obtained as shown in Fig. 3 . The value of the second term in eq. (3) was derived by fitting a series of quadratic curves. As a result, ¼ 4:87 Â 10 14 m À2 was determined from the linear relationship in eq. (6), as shown in Fig. 4 . It is needed to clarify that all the solid dots represent the experimental results and lines are fitting results shown in Fig. 2, Fig. 3 and Fig. 4 . The dislocation density in the other three steel samples was derived in a manner similar to that in the 10Cr-5W-0.02C steel sample. For each steel, the dislocation density was measured for three times by selecting the different positions on the surface of the specimen in order to reduce the measured deviation and the average results are shown in Fig. 5 . Note that the dislocation density increased slightly with the increase of carbon content. For comparison, the results in Morito's study 20) are also plotted in the Fig. 5 . As known to us, the ratio of the lattice parameters in the martensite phase (i.e., c=a) increases with the increase of carbon content, which causes the volume strain for the martensitic transformation to increase, resulting in the increase of dislocation density.
In our study, we focused on detecting the dislocation density in the range of low-carbon range of 0.02-0.13 mass% C, because the dislcoation in such a small range is crucial to the mechanical properties of heat-resistant steels. The rate of change of dislocation density with the carbon content in our study is considered to be consistent with Morito's data; however Morito et al. did not detect the dislocation density in such a low-carbon range (less than 0.1 mass% C) except in the steel with 0.0026 mass% C (C free) and they determined that the average dislcoation density in Fe-0.0026C was 6:5 Â 10 14 m À2 . Interpolating their results suggests that the dislocation density in their study is higher than our results within the low-carbon content range by a factor of $1:5. One possible reason may be due to the difference in measuring methods. We adopted the XRD method, which gives the average information in bulk materials, compared to the TEM method adopted by Morito, which gives a microscopic local value. Furthermore, it can be said that when the density becomes greater than 10 14 m À2 , it is difficult to accurately measure the dislocation density by means of TEM, because of the complicated image contrasts from the sample, particularly in the martensite phase with small lattice rotation, containing such a high dislocation density. Figure 6 shows the change in parameter q with carbon content of the martensite phase in 10Cr-5W steel. The parameter q depends on the elastic constants of the crystal and determines the character of the prevailing dislocation, i.e., screw, edge or mixed-type dislocation. The theoretical values of pure edge and screw dislcoations in the martensite phase are obtained numerically in various slip systems based on the elastic constants by using eq. (5). According to the elastic constants in Refs. 19), 21), the theoretical values of pure edge and screw dislcoations in the martensite phase are estimated to be 1.2 and 2.8, respectively. As shown in Fig. 6 , the value of q increases slightly from 2.01 to 2.14 as the carbon content increases from 0.02 to 0.13, indicating that the prevailing dislocation character is mixed type in the martensite phase. Also, the dislocation character is determined in the equation below:
where f edge and f screw are the fractions of edge and screw dislocations, respectively. By inserting the theoretical and experimental values of q into eq. (6), the fraction of edge dislocation is approximately 46%, 44%, 37% and 41% in 10Cr-5W steel with 0.02C, 0.03C, 0.09C and 0.13C, respectively.
The increase of Vickers hardness shown in Fig. 7 indicates that the hardness increases with the increase of carbon content and dislocation density. This is consistent with the martensite phase being strenthened by the high dislocation density as the carbon content increases.
Conclusions
The dislocation density in 10Cr-5W steels containing 0.02, 0.03, 0.09 and 0.13C (mass%) was determined to be $10 14 by the XRD method. It was found that the dislocation density and hardness increased with the carbon content. Furthermore, the prevailing dislocation character is mixed type in the martensite phase. Fig. 7 Change in Vickers hardness with carbon content and dislocation density in as-quenched low carbon 10Cr-5W steel.
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